We study the production of a heavy CP-odd A 0 boson in association with a photon e + e − → A 0 γ and a Z boson e + e − → A 0 Z as well as the single production of A 0 via e + e − → ν eνe A 0 in the MSSM with CP violating phases. In the case of e + e − → A 0 γ/A 0 Z, we show that the squark contribution, which vanishes in the MSSM with real parameters, turns out to be sizeable in presence of CP violating phases in the soft SUSY parameters. For e + e − → ν eνe A 0 in both the 2HDM and MSSM with real parameters, the cross section does not reach observable rates at a NLC. It is found that with a large CP violating phase for A t , cross sections of the order 0.1 fb are attainable for all the processes e + e − → A 0 γ, e + e − → A 0 Z and e + e − → ν eνe A 0
Introduction
Supersymmetric (SUSY) theories, in particular the Minimal Supersymmetric Standard Model (MSSM) [1] , are currently considered as the most theoretically well motivated extensions of the Standard Model. Recently, the phenomenology of the MSSM with complex SUSY parameters has received growing attention [2, 3] . Such phases give new sources of CP violation which may explain: electroweak baryogenesis scenarios [4] , and CP violating phenomena in K and B decays [5] . It has been shown in [6] that by assuming universality of the gaugino masses at a high energy scale, the effects of complex soft SUSY parameters in the MSSM can be parametrized by two independent CP violating phases: the phase of the Higgsino mass term µ (Arg(µ)) and the phase of the trilinear scalar coupling parameters A = A f (Arg(A f )) of the sfermions f . The presence of large SUSY phases can give contributions to electric dipole moments of the electron and neutron (EDM) which exceed the experimental upper bounds. In a variety of SUSY models such phases turn out to be severely constrained by such constraints i.e. Arg(µ) < (10 −2 ) for a SUSY mass scale of the order of few hundred GeV [7, 8] .
However, the possibility of having large CP violating phases can still be consistent with experimental data in any of the following three scenarios: i) Effective SUSY models [7] : here it is assumed that the masses of first two generation of squarks and sleptons are degenerate and well above the TeV scale, while the third generation may be relatively light (≤ 1 TeV). However, two-loop Barr-Zee type diagrams [10] with a light third generation and large CP phases can violate the EDM constraints for large tan β ( > ∼ 30). ii) Cancellation mechanism [11] : some recent studies indicate the possibility of cancellations between the contributions proportional to arg(µ) and those proportional to arg(A f ), leading to a weak limit on the CP violating phases. iii) Non-universality of trilinear couplings A f [9] : one may require arg(µ) ≤ (10 −2 ) and A f = (0, 0, 1)A, with A t , A b and A τ taking maximal phases. Such a scenario comfortably satisfies the EDM constraints.
At tree level, the Higgs sector of the MSSM with complex phases is CP conserving. The particle spectrum consists of 2 neutral CP-even scalars (h 0 and H 0 ), a pair of charged scalars (H + , H − ) and a CP-odd neutral scalar A 0 . At the one loop level the Higgs sector of the MSSM is no longer CP conserving. The presence of SUSY phases induces mixing between the CP-even and CP-odd scalars, resulting in the 3 mass eigenstates H and H 0 3 which do not have a definite CP parity. This mixing affects their phenomenology at present and future colliders, both in production mechanisms and decay partial widths [12] . Recent studies [13, 14] show that the processes e + e − → Z * → H 0 i Z and e + e − → H 0 i ν e ν e would be a way of probing CP violation in the Higgs sector at the NLC. Both mechanisms are mediated by the effective tree-level couplings
In the CP conserving case one of these couplings would be zero, corresponding to the absence of the coupling A 0 V V . Consequently in the CP conserving MSSM we have access only to e + e − → Z * → h 0 Z/H 0 Z and e + e − → ν e ν e h 0 /ν e ν e H 0 while e + e − → A 0 Z and e + e − → ν e ν e A 0 are mediated at one loop level. The one loop evaluation of e + e − → A 0 Z has been studied both in the MSSM with real parameters [15] and the 2HDM [16, 17] . Note that ref. [17] has also studied the heavy fermion contribution to e + e − → ν e ν e A 0 through W-W fusion. In order to be able to disentangle the CP conserving MSSM from the CP violating one, the evaluation of the cross section of e + e − → A 0 Z and e + e − → ν e ν e A 0 with CP phases is necessary and this is the goal of the present paper. 
Notation and conventions
First we summarize the MSSM parameters needed in our analysis, with particular attention given to the sfermion sector. In the MSSM, the sfermion sector is specified by the mass matrix in the basis (f L ,f R ). In terms of the scalar mass M L , M R , the Higgs-Higgsino mass parameter µ and the soft SUSY-breaking trilinear coupling A f , the sfermion mass matrices squared reads as [23] :
with with v 1 , v 2 being the vacuum expectation value of the Higgs fields. We will take A f and µ as complex parameters:
with 0 < arg(A f , µ) ≤ π. The hermitian matrix (1) is then diagonalised by a unitarity matrix Rf , which rotates the current eigenstates,f L andf R , into the mass eigenstatesf 1 andf 2 as follows: 
The physical masses, whith mf
, are given by
The interaction of the neutral gauge bosons γ, Z and the CP-odd Higgs boson with the sfermion mass eigenstates is described by the Lagrangian
For the coupling of the CP-odd A 0 to a pair of sfermions, one can easily show that it takes the following form
Note that in the MSSM with real soft SUSY breaking parameters, the coupling of A 0 to a pair of sfermions satisfies the following relation: (A Now we are ready to discuss the associated production mechanisms e + e − → A 0 γ and e + e − → A 0 Z in the MSSM with CP violating phases. These processes have been studied in the MSSM with real parameters in Refs. [22] and [15] , where the full set of Feynman diagrams which contribute to these processes can be found. In both studies it was shown that the sfermion contribution to the vertices γ-Z-A 0 and Z-Z-A 0 vanishes due to the fact that (A 
Single
It is well known that at high energies √ s > 500 GeV, WW fusion e + e − → ν e ν e h 0 is the most promising process with which to discover the Higgs boson. Due to CP invariance, A 0 possesses no tree-level coupling A 0 -W-W. The dominant contribution is therefore from higher order diagrams which will be mediated by both SM and SUSY particles. In the MSSM, one can generate the ν e ν e A 0 final state at e + e − colliders through one of the generic diagram depicted in Fig.2 . ν e ν e A 0 can also be generated through the one-loop process e + e − → ZA 0 (on-shell Z) followed by the decay of the Z boson to ν e ν e , although such a final state could be removed experimentally by recoil reconstruction. Consequently, this two-body production and decay will not be addressed here. In Fig.2 , we show the generic one-loop contributions to e + e − → ν e ν e A 0 . These comprise the following: a.) Fig. 2 Fig. 2 .11 to 2.13: box diagrams with virtual gauge bosons V = γ, Z and f.) Fig.2 .17-2.22: box diagrams with virtual gauge boson W. Additional contributions come from the non-diagonal self-energies of photon-A 0 , Z-A 0 and W ± -H ∓ . However, the amplitudes of these contributions are proportional to the electron mass and consequently vanish in the approximation m e ≈ 0.
All the Feynman diagrams are generated and computed using FeynArts [24] and FormCalc [25] packages in the dimentionnal regularization scheme. We also use FF-package and looptools [26] in the numerical analysis. In the case of e + e − → ν eνe A 0 , the three body phase space integration is performed using VEGAS routines [27] .
Results
Before discussing our numerical results, we define the free parameters that will be used. The MSSM Higgs sector is parametrized by the CP-odd mass M A and tan β, taking into account radiative corrections to the lightest Higgs boson and assume that tan β ≥ 2.5.
The chargino neutralino sector can be parametrized by the usual M 1 , M 2 and µ which we will take to be real. We assume that M 1 ≈ M 2 /2 and µ > 0, since µ < 0 seems to be disfavored by the b → sγ constraint. As described below, the third-generation sfermions are parametrized by: a common sfermion mass M SU SY = M L = M R , soft trilinear A f coupling which we will take to be identical for top, bottom and tau (A t = A b = A τ ), tan β and the µ parameters, and the CP violating phases of A f , with arg(A t )=arg(A b )=arg(A τ ). Once these parameters are fixed, the mixing angle and the sfermions masses are given by eqs. (6, 7) . In our analysis we will take into account the following constraints when the SUSY parameters are varied: i) the extra contribution δρ to the ρ parameter [28] should not exceed the current limits from experimental measurements δρ < ∼ 10
> 50 GeV and m h > 110 GeV. We first start with the MSSM contributions to e + e − → A 0 γ and e + e − → A 0 Z for real SUSY parameters. We focus only on the case where the SUSY particles are rather light, taking M SU SY = µ ≈ 200 GeV, M 2 = 150 GeV and tan β = 2.5. Note that the 2HDM contribution is enhanced in the small tan β < ∼ 1 regime by the top quark mass while for large tan β the 2HDM contribution is suppressed and does not attain observable rates.
As can be seen in Fig.3 , the 2HDM cross section for both e + e − → A 0 γ and e + e − → A 0 Z is enhanced by light SUSY particles. The SUSY enhancement is not that spectacular since there is strong destructive interference between the vertex and box diagrams which reduces the cross section. In the case of e + e − → A 0 γ one can reach ≈ 0.02 fb for M A < 350 GeV. The cross section can also be enhanced by polarizing the electron and positron beams. As shown in Fig.3 , the cross section with left-handed longitudinally polarized electrons is approximately twice that for the non-polarized case, while for lefthanded electrons and right-handed positrons the enhancement is approximately a factor of 4. The cross section of e + e − → A 0 Z is approximately one order of magnitude smaller than e + e − → A 0 γ, and consequently e + e − → A 0 γ is more promising, especially if polarized electron positron beams are available. At a higher center of mass energy ( √ s = 800 GeV) with light SUSY particles M SU SY = 200 GeV, the cross sections for e + e − → A 0 γ, A 0 Z are suppressed. The maximum value for e + e − → A 0 γ (resp e + e − → A 0 Z) is about 0.003 fb (resp 0.001 fb) for 300 < M A < 350 GeV.
Let us now turn on the CP violating phases in the trilinear terms A t , A b and A τ . As was pointed in the introduction, allowing large CP violating phases in A t and A b may violate the experimental bounds on the electron and neutron EMDs [10] . Since we are interested only in the effect of the CP phases of third generation sfermions 1 , the first and 1 The coupling of A 0 to sfermions is proportional the fermion mass. Consequently the first and second generation do not have any impact on the diagrams of Fig.1 or even Fig.2.1 and Fig.2.6 with sfermion exchange Figure 5: Total cross section for e + e − → A 0 νν at 500 GeV (left) and 800 GeV (right) center-of-mass energy in the 2HDM second generation sfermions can be decoupled together with taking real µ and gluino at TeV. Then the one-loop EDMs are safely within the experimental limits. However, in the scenario of large CP phases in A t , A b and A τ , two-loop Barr-Zee type diagrams can violate the EDMs constraints for large tan β > ∼ 30. In such a case one may need to arrange for a cancellation mechanism among the various one and two-loop contributions or among the full two-loop contribution alone. In our study we limit ourself to the case of low tan β.
To emphasize the effect of CP violating phases, large µ and large A t,b,τ are needed (9). We have chosen the following set of parameters:
Since we are considering only the small tan β regime, the contribution of the CP violating phase in A t dominates those contributions from the CP phases in A b and A τ . Numerically, it turns out that the squark contribution with virtual photon exchange ( Fig.1) is more important than the one with virtual Z exchange for both e + e − → A 0 γ and e + e − → A 0 Z. Note that the couplings Zt it * j are not very sensitive to the CP phases while A 0t it * j exhibit a strong dependence on the CP phases. For instance, the coupling A 0t it * i , which is zero for vanishing CP phases, reaches its maximum value, which is comparable to A 0t 1t * 2 , for arg(A t ) > ∼ 5 degrees. We illustrate in Fig. 4 the cross section of e + e − → A 0 γ (left plot) and e + e − → A 0 Z (right plot) as function of CP phases arg(A t ) = arg(A b ) = arg(A τ ) at √ s = 500 GeV, tan β = 2.5 and for M A = 200, 300, 400 GeV. The CP phase is varied from 0 to 105 degrees. For CP phases greater that 105 degrees, the splitting between mt 1 and mt 2 becomes large and consequently the extra contribution δρ exceeds the experimental bound. In both cases, the cross section can reach values of about 0.1 fb for large CP phases. The sensitivity to the CP phases is more important for e + e − → A 0 Z. This is simply due to the fact that gauge invariance in case of e + e − → A 0 γ allows the photon to couple to only two identical sfermions with the electromagnetic coupling. The observed kink in Fig. 4 for M A = 400 and arg(A t ) ≈ 100 degrees is due to the threshold effect when the decay fb, decreasing for larger M A . In the case of e + e − → A 0 Z production, the situation is different. A cross section of about 0.1 fb can be obtained for tan β = 24, large CP phases arg(A τ )=arg(A b )= arg(A t ) ≈ π/2 and small M A = 200, while for M A = 300 GeV one can reach 0.06 fb. At large tan β, the contribution from the CP phases of A τ and A b can give cross sections comparable to those from the CP phase of A t in the low tan β regime, especially in the case of e + e − → A 0 Z production. Let us now discuss the single CP-odd Higgs boson production e + e − → ν eνe A 0 . We start with the 2HDM contribution which basically arises from the typical diagrams shown in Fig.2.1 [30] and preliminary results can be found in [31] . We have cross checked with the existing results [17] , [31] and we found agreement.
In Fig.5 , we plot the cross section of e + e − → ν eνe A 0 in the 2HDM for 500 GeV and 800 GeV center of mass energies. For the Higgs couplings and masses we use the MSSM values including radiative corrections to the lightest Higgs boson mass. We found that the inclusion of the diagrams of Fig.2.6 can slightly enhance the cross section which can reach 0.0033 fb at √ s = 500 GeV, M A = 100 GeV and small tan β = 0.5. For large tan β the cross section drops by 2 order of magnitude. At high energy √ s = 800 GeV, the cross sections are of the order 0.006 fb for small tan β = 0.5 and M A < 400 GeV.
We have also included the full MSSM contribution coming from vertex and boxes (Fig.2) , omitting the five point-functions, these five point-functions do not have any enhancement factor and their contribution is expected to be smaller.
2 It has been shown recently [29] , that the radiative correction to e + e − → ν eνe h 0 in the MSSM receive sizeable enhancements from heavy fermion loops compared to sfermion loops.
Numerically, in the MSSM with real parameters, we found that even in the optimistic scenario where all SUSY particles are light of order 200 GeV and tan β = 2.5 the cross section does not receive any substantial enhancement. However, in the MSSM with CP phases and the soft SUSY breaking terms fixed by (10) we can obtain cross sections up to 0.1 fb. The cross section of e + e − → ν eνe A 0 as function of the CP phase arg(A t ) is shown in Fig. 6 . The kink corresponds to the opening of the decay A 0 →t 1t * 1 .
Conclusions
We have computed the cross-sections for the production mechanisms e + e − → A 0 γ, e + e − → A 0 Z and e + e − → A 0 ν eνe at high energy e + e − colliders in the framework of the MSSM with CP violating phases. Such processes proceed via higher order diagrams and are strongly model dependent. We presented results for the 2HDM and the MSSM (with and without SUSY CP phases).
In the 2HDM the cross sections are small for large tan β and are enhanced by the top loop effect for 0.5 < tan β < 1. In the MSSM with real parameters, light SUSY particles may enhance the cross sections resulting in maximum values of order 0.02 fb for e + e − → A 0 γ, which can be enhanced by a factor of 2 if the electron beam can be polarized.
In the case of e + e − → A 0 Z and e + e − → A 0 ν eνe , light SUSY particles may give important contributions to the cross-section, resulting in maximum values of order 0.005 fb (resp 0.001 fb) for e + e − → A 0 Z (resp e + e − → A 0 ν eνe ) for tan β = 2.5 and √ s = 500
GeV. Therefore the SUSY enhancement is not sufficient to produce an observable signal at the planned luminosities of 500fb −1 . In the MSSM with explicit CP phases, we have shown that all three processes discussed above can be enhanced and reach cross sections of the order 0.1 fb at high energy.
With an integrated luminosity of L ≈ 500-1000 fb −1 expected at proposed e + e − colliders, in the MSSM with real parameters one could expect a non-negligible number of events only from e + e − → A 0 γ. In contrast, in the MSSM with CP phases all three processes may give observable rates.
In the MSSM with sizeable scalar-pseudo scalar mixing, it is possible to have cross sections greater than 0.1 fb for e + e − → ZH i and e + e − → ν eνe H i for all i=1,2,3. [13] . Therefore such signals could not be explained in the MSSM unless SUSY CP violating phases and scalar-pseudoscalar mixing are present.
